The earliest visible responses of spinach plants (Spinacia oleracea L., cv. Savoy Hybrid 612) transferred from short to long days (8 hours of high intensity light supplemented with 16 hours of low intensity illumination from incandescent lamps) were upright leaf orientation and increased elongation of the petioles. The effect of long days on growth rate was direct; i.e., there was no after-effect if the plants were transferred to short days. Gibberellin A3 applied to plants under short days had an effect similar to that of long days, whereas application of the growth retardant AMO-1618 [2'-isopropyl-4'-(trimethylammonium chloride)-5'-methylphenyl piperidine-I-carboxylate] under long days caused a growth habit typical of short-day conditions. Gibberellin A3 caused more stem growth in plants under long days in which the endogenous gibberellin content had been reduced by AMO-1618 than in plants under short days not treated with the growth retardant.
In many rosette LDP,1 application of GA under SD conditions causes stem elongation and flower formation (4, 11, 26) . These observations have led to the idea that rosette plants on SD are deficient in GAs, while LD would raise the level of endogenous GAs which in turn would stimulate stem growth e.g., Ref. 3) . Work in this laboratory with the LDP Silene armeria (4) failed to substantiate this hypothesis. Upon transfer of plants from SD to LD the GA content of extracts did not in-'Abbreviations: SD: short days; LD: long days; LDP: long-day plants; AMO-1618: 2'-isopropyl-4'-(trimethylammonium chloride)-5'-methylphenyl piperidine-l-carboxylate; TLC: thin layer chromatography.
crease over the SD control by more than a factor of 2. However, results of diffusion experiments suggested that just prior to the onset of stem elongation both the biosynthesis of GA and its metabolism had increased.
Working with spinach, Radley (16) reported a sharp although transient increase in GA content after 1 LD. She suggested that the decrease in GA level after more LD cycles was due to greatly increased turnover of GA. In view of this marked increase in the GA content after 1 LD, the levels of native GAs in spinach have been reinvestigated under different photoperiods, as well as the decrease in GA content following the application of the growth retardant AMO-1618. The results in this communication provide experimental support for the notion that the turnover of GAs in spinach is much higher under LD than under SD conditions. Preliminary reports of this investigation have been presented earlier (26, 27) .
MATERIALS AND METHODS
Plant Material. Seed of spinach (Spinacia oleracea L., cv. Savoy Hybrid 612) was purchased from Joseph Harris Co., Inc., Rochester N. Y., and germinated in vermiculite. The seedlings were transplanted into 340-ml plastic containers filled with a gravel-vermiculite (1: 2) mixture when the cotyledons had fully expanded. Growing conditions in the greenhouse under SD and watering with half-strength Hoagland's nutrient solution were similar to those used for Silene (4) , except that the temperature during the 16-hr dark period was 23 C. The plants were ready for experimentation approximately 2 months after sowing. Prior to the start of an experiment, the plants were transferred to growth chambers and continued on SD for at least 1 week. Temperature in the growth chambers was maintained at 23 C throughout. SD consisted of an 8-hr light period of light from fluorescent and incandescent lamps (3000 ft-c) followed by 16 hr of darkness. For LD treatment, the plants were exposed to 8 hr of high intensity light as in SD, followed by 16 hr of low intensity supplementary illumination (40 ft-c) from incandescent lamps.
For petiole measurements, two young leaves on each plant with petioles between 10 and 20 mm long were selected and measured daily at the beginning of the high intensity light period from the base to the leaf blade. Stem height was determined from the base of the stem to the tip of the stem, or the inflorescence. When an experiment was discontinued and an inflorescence was not visible macroscopically, the shoot apices were examined under a dissecting microscope. Preliminary tests were also performed with the barley aleurone system (9), and with the lettuce hypocotyl assay (6) . 3) . In extracts of plants on SD the GA activity in the latter zone was lower than in the slower moving zone. After 7 LD the GA activity in the faster moving zone was considerably higher than in the comparable zone of the SD chromatogram (Fig.   3 ).
RESULTS
In the experiment of Table III On permanent SD, plants of this variety grew strictly as rosettes, but when more than 3 months old, floral primordia could usually be detected under the dissecting microscope in some plants (Table II) . Thus, the strain Savoy Hybrid 612 has no absolute LD requirement for floral initiation, although LD were required for the further development of the inflorescence. GA. applied to plants on SD caused a slight stem elongation (Table II) ; if the GA treatment was continued for more than 1 month, male inflorescences became visible in a few plants but failed to develop further.
Application of AMO-1618 delayed the appearance of inflorescences under LD (Table II) , and applied GA. reversed this inhibition.
GA Extractions. Results of a representative experiment on the influence of photoperiod on the GA content in spinach are In order to confirm that AMO-1618 was inhibiting GA biosynthesis as expected, the level of endogenous GA was determined in plants treated with the growth retardant. The results in Table IV show that applications of AMO-1618 for a period of 19 days decreased the GA content to 10% of that in control plants while stem growth was almost completely suppressed. These findings combined with those presented in Table II clearly indicate that stem elongation in spinach is under the control of endogenous GAs.
Comparison of Spinach GAs with Authendc GAs. To compare authentic GAs with the GA-like substances obtained from spinach, purified acidic extracts were chromatographed in solvent system 2 along with GA., GA, GA., and GA,. The histograms of Figure 4 show that in extracts of plants on SD GA activity was detected in three zones of the chromatogram. Spinach I (R, 0.0-0.2) cochromatographed with GA., spinach II (RF 0.4-0.6) with GA,, and spinach III (R, 0.73-0.93) with GA7. Extracts from plants exposed to 8 LD exhibited the same qualitative pattern of GA activity. Quantitatively, however, spinach II had increased as compared to the SD level, whereas both I and III had decreased, the latter to such a low level that it no longer caused a significant growth response in d5 corn.
Changes in Levels of Three Spinach GAs after Various Numbers of LD. Figure 5 gives a detailed picture of changes in the levels of the 3 GA-like substances present in spinach after various numbers of LD. Spinach III was low in SD and had disappeared after 2 LD. Fraction I decreased gradually while II increased with increasing number of LD. In other experiments, not included here, the level of II surpassed that of I after 10 to 12 LD. As a result of the decreasing levels of I and the concomitant increase of II, the total GA content, as estimated in the d5 corn assay, remained fairly constant after transferring plants from SD to LD.
GA Turnover under SD and LD. To test the hypothesis that exposure to LD enhances GA turnover in spinach (16), AMO-1618 was applied to plants on both SD and LD for different periods of time. If the growth retardant blocks GA biosynthesis, then the decline of the GA content with time should be a measure of the rate of GA metabolism. In Figure 6 , the results are expressed as the GA levels in percentages of the control plants. Under SD the GA content decreased gradually, the 50% level being reached after approximately 7 days. In plants on LD the GA level dropped much more rapidly, with more than 80% of the initial GA content disappearing within 2 days after AMO-1618 applications had started. It is of interest 1. to note that a small fraction of GA persisted in treated plants on LD for at least 10 days.
In the next experiment plants in SD and in LD were again treated with AMO-1618 for different periods of time, and the decline of the level of each GA-like substance was determined separately following TLC in solvent system 2. The results in Figure 7 indicate that 2 days after application of the growth retardant to plants on SD, spinach III had disappeared. On the other hand, spinach I and II decreased more or less in parallel when expressed on a percentage basis. Under LD conditions a considerable decrease in the level of spinach I and II was noticeable 8 hr after the first AMO-1618 application, but at no time had the one GA-like substance entirely disappeared, while the other could still be detected. Thus, these data appear to rule out the possibility that spinach I and II have a precursor-product relationship.
In the experiments of Figures 6 and 7 , differences in GA turnover were observed when comparing GA contents of plants continuously under SD and after exposure to 7 or 8 LD. A further experiment was designed to find out how soon after the transfer from SD to LD the turnover of GAs had increased. Conversely, plants were also returned from LD to SD to see if i
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Fio. 7 . Decline in the levels of three GA-like substances in spinach on SD, or after 7 LD following AMO-1618 applications.
Thin layer chromatography was in solvent system 2. Fig. 4 ). As illustrated in Figure 2 , stem growth initiated by 8 LD continued at a very low rate under subsequent SD. Thus, there appears to be a correlation between growth rate of petioles and stems, on the one hand, and the rate of GA metabolism, on the other.
DISCUSSION
The results described here clearly demonstrate that the growth rate of petioles increased immediately following the transfer of spinach from SD to LD. Since increased petiole growth is measurable after 1 LD, whereas at least 7 LD are necessary to induce flower formation, it follows that the elongating effect of LD on petioles is independent of stem growth and flower formation. A similar conclusion was reached by Stolwijk (20) (Table II) and is therefore less suitable to assess the role of GA in flowering than a species with a qualitative long day response such as Silene armeria (4) . However, as the results in Table II show, GA, applications under SD did not significantly promote flower formation nor did AMO-1618 suppress it under LD. The tentative conclusion is therefore that flower formation in spinach is not under GA control. Previous workers (8, 22, 25) have observed that GA applications to spinach on SD cause stem elongation, but only Wittwer and Bukovac (25) also obtained flowering. However, in none of these studies were the shoot apices examined microscopically.
Extensive attempts to reproduce Radley's finding (16) of a large increase in GA activity in spinach after 1 LD cycle were unsuccessful (Table III) . There is no obvious explanation for this discrepancy, but it should be noted that Radley states in a later report (17) that in some cases no peak of GA-like activity was found after 1 LD.
Following the temporary increase after 1 LD, Radley (16) observed that the GA content, as measured in the dwarf pea bioassay, decreased with increasing number of LD. A similar trend was observed for fraction I in the present study (Fig. 5) . Fractions II and III, while active in the dS corn assay, probably escaped detection in the pea bioassay (16) since GA3 is the most active GA in this test (2, 5) . In subsequent experiments, Radley (17) (Fig.  5) , and also on SD following AMO-1618 application (Fig. 7) , suggests that this GA-like material may be a precursor of the more polar GA-like substances I and II. If all three GA-like substances were on a single biosynthetic pathway, present knowledge of GA biogenesis (12, 19) 
GIBBERELLINS AND GROWTH INiSPINACH
The results on stem growth caused by applied GA5 in plants treated with AMO-1618 on LD, on the one hand, and in plants on SD Since the levels of extractable GAs under the two photoperiods were approximately equal, these results imply that the rate of GA biosynthesis was much more rapid in plants on LD than in those on SD. This drastic change in GA metabolism was established very shortly after the plants had been transferred to LD; the rapid turnover disappeared again when they were returned to SD (Table V) . Likewise, the growth rate of petioles and of stems was determined by the prevailing photoperiod ( Figs.1 and 2) . In Silene the amount of diffusible GAs markedly increased just prior to the onset of stem elongation. Since the GA content of Silene plants on LD as measured by extraction did not increase over that of plants in SD by more than a factor of 2, it was concluded that increased GA biosynthesis in Silene on LD was accompanied by increased GA utilization (4). Furthermore, 3H-GA, was more rapidly metabolized in Silene plants on LD than under SD (21) . Thus, increased GA metabolism is clearly associated with the beginning of stem growth in both the rosette plants Silene and spinach. The question remains whether the more rapid GA turnover in plants under LD is significant for growth, or merely a result of the higher growth rate of the petioles and the increased mitotic activity in subapical tissues, as suggested by Radley (16) . It should be noted that an increased growth rate is not necessarily associated with increased GA metabolism. For example, dwarf peas show marked differences in growth when kept in light or darkness, while metabolism of`H-GA1 was the same (10) , and that of 'H-GA5 only slightly different (15) under the two conditions. If GAs are biologically active in the chemically unchanged form as shown for GA1 and GA, in peas (10, 15) , metabolism of GA per se will not contribute to growth. However, more GA will be available to spinach plants under LD because of increased GA biosynthesis, and this, combined with the increased sensitivity to GA, could be responsible for increased petiole growth and stem elongation under LD.
